The small-scale crisis, discrepancies among observations, theoretical predictions and N-body simulations on the sub-galactic scale structures, may imply a suppression of matter perturbation on small scale. In this work, we find that a novel gravitational effect originated from the non-equilibrium process of dark matter production can result in such a suppression, which may be relevant for the smallscale problems. As an illustration, we show that if the particle mass of dark matter is mχ = 2.2 MeV, the suppression takes place at 1 kpc. This new mechanism of suppression is alternative to the wellknown mechanisms employing broken-scale-invariance of inflation or warm/exotic-interacting dark matter -as the suppression predicted by this new mechanism takes place at an unique epoch that from the ending of inflation to the moment of the perturbations re-entering horizon.
INTRODUCTION
One of the outstanding puzzles in modern cosmology and astrophysics is that: the discrepancies among observations, theoretical predictions and N-body simulations on the sub-galactic scale structures seems hard to be resolved only with the two basic assumptions that 1) dark matter (DM) is cold, and 2) the inflation is simple. Since these two assumptions agree well with the current observations on large scale, such puzzle is highlighted as smallscale crisis (see [1] for a review and references in there). While better understandings of the baryonic physics and the observational results may help alleviate these tensions on small scale [2] [3] [4] [5] , the crisis may also imply a suppression of matter perturbation [6] .
To realize a suppression of matter perturbation within the framework of the simple inflation and cold DM, we propose a new mechanism in this work. The novelty of this mechanism is that the metric fluctuations generated from the pair production of DM particles have been taken into account. Specifically, these metric fluctuations are accumulated in the early Universe and lead to an amplification of curvature perturbation on large scale [7] . Thus by normalizing the long wavelength modes of curvature perturbation with current large-scale observations [28] , we show that both the curvature perturbation and matter perturbation are suppressed accordingly on small scale.
This new mechanism is alternative to the well-known categories of the suppression mechanisms, primordial suppression and late-time suppression. In the former (e.g. broken-scale-invariance inflationary scenario [9] [10] [11] ), the suppression takes place during inflation. And in the latter (e.g. warm DM or new exotic DM interactions [12] [13] [14] [15] [16] [17] [18] [19] ), the suppression happens only after perturbations re-entering horizon. Notably, in this new mechanism, the suppression, however, takes place during a unique epoch that from the ending of inflation to the horizon reentering. To avoid confusion, we call this new mechanism as "early-time suppression" in this paper.
Since the early-time suppression is originated from the pair production of DM particles, we can expect that its feature must rely on the particle nature of DM. In particular, we find that the spatial scale of suppression only depends on the particle mass of DM. As an illustration, we show that if m χ = 2.2 MeV, the suppression takes place at 1 kpc, which may be partially relevant for the small-scale problems.
THE NON-EQUILIBRIUM PROCESS OF DARK MATTER PRODUCTION AND ITS GRAVITATIONAL EFFECT
To describe the gravitational effect originated from DM production, in this analysis we consider the simplest DM model that DM particles, χ, are produced by the pair annihilations of the light scalar particles, φ, through the minimal coupling L = λφ 2 χ 2 following Ref. [7] . Naively, in a flat and rigid spacetime, such interaction can be plotted as FIG.1 (a) . However, the spacetime of early Universe is curved and non-rigid. Therefore, due to the interplay between metric and DM density perturbations, a small local fluctuation of spacetime, ∆Φ i , can be generated simultaneously in such reaction, as shown in FIG.1 (b) . During the process of DM production in the early Universe, DM abundance is out of thermal equilibrium, arXiv:1903.00701v1 [astro-ph.CO] 2 Mar 2019 n χ n eq χ , where the superscript eq labels the quantities evaluated at thermal equilibrium. It implies that the reactions φ + φ → χ + χ, statistically, dominates over χ + χ → φ + φ during this phase. Thus the fluctuations, ∆Φ i , can not be cancelled exactly by its counterparts, ∆Φ i , from χ + χ → φ + φ. Therefore, ∆Φ i are accumulated during such non-equilibrium process for DM production, ∆Φ = i ∆Φ i . Moreover, the analytical and numerical studies in Refs. [7] and [8] indicate that the accumulation of these fluctuations will lead to a significant amplification of super-horizon scalar modes of curvature perturbations, Φ(y) = Φ ϕ + ∆Φ. Explicitly, it takes (c.f. Eq. (8) in [7] )
where y ≡ m χ /T with T being the temperature of cosmic background, y f labels the end of DM production, ξ is a dimensionless parameter much smaller than 1.
]} is taken in Newtonian gauge, Φ(y) is short for the super-horizon Fourier modes of Φ(x, t), Φ ϕ is the initial value of Φ(y) at the onset of radiation-dominated
In this article, to illustrate the implications of this novel gravitational effect on the suppression of matter perturbation, we focus on the non-thermal DM scenario [20] [21] [22] [23] [24] [25] . In this scenario, due to the very small crosssection of DM, its abundance can not attain thermal equilibrium during its evolution. So the process of nonthermal DM production will last until it freezes out with a constant relic abundance. Specifically, when the temperature of background falls to be around T m χ , the freezing-out process takes place. And a simple orderof-magnitude estimate for the ending of freezing-out is m χ ≥ T f ≥ 10 −1 m χ , which gives that 1 ≤ y f ≤ 10. For simplicity, throughout our analysis, we take y f = 5. In FIG.2 , we use Eq.(1) to plot Φ(y) with y f = 5 for examples ξ = (10 −2 , 10 −4 , 10 −6 ). It shows that curvature perturbation is indeed amplified as it is driven by the DM production. And we also note that smaller ξ implies larger amplification. For our purpose, we will still take ξ as a free parameter determined by the underlying physics in this article and defer the analysis for its implications in a further study. Again for simplicity, we take ξ = 10
at the following illustrations. 
THE SUPPRESSION OF MATTER PERTURBATION ON SMALL SCALE
To see how the amplification of curvature perturbation can result in a suppression of matter perturbation, we start with the standard inflationary cosmology(SIC) [27] . For a simple viable inflation model within SIC, the power spectrum of primordial curvature perturbation, P Φϕ ∝ Φ 2 ϕ , should be nearly scale invariant after inflation [27] . If there is no amplification, Φ(y) = Φ ϕ , the spectrum is unchanged, P Φ(y) = P Φϕ , until the perturbations reenter horizon. Thus no amplification/suppression happens during this phase -from the end of inflation to the horizon re-entering.
However, as shown in Eq. (1) [7] ), due to DM production, the curvature perturbation, Φ(y), is amplified at y ≥ y f , and is, relatively, suppressed at y ≤ y f . This feature can be interpreted as following. The short wavelength modes, which re-enter horizon before y = y f , get less amplification that their amplitudes are smaller. But the long wavelength modes, which re-enter horizon after y = y f , get a full amplification, so that their amplitudes are large and same. Therefore, on horizon re-entering, the power spectrum of curvature perturbation, P Φ = P Φ(y) ∝ Φ(y) 2 , is still scale invariant on large scale, but it has been suppressed accordingly on small scale. As we will show in next section, such suppression of spectrum can consequently leads to a suppression of matter perturbation on small scale.
To get at which spatial scale the suppression takes place, we need to translate Φ(y) into the k-dependence, Φ[y(k)], by using the horizon-crossing condition,
where η(k) is the conformal time evaluated on the moment of the perturbation modes with wavevector k reentering horizon. In the radiation-dominated era, we have η(k) = c * y(k)m
for arbitrary k, where c * = 6.88 × 10 31 is constrained by current observations [29] .
Substituting it into Eq.(2), we obtain
And to get Φ[y(k)], we just need to substitute Eq. (3) As shown in FIG.3 , with different particle mass of DM, the perturbation is suppressed at different scale. In this paper, for illustration, we take the suppression scale at k −1 = 1 kpc, which may be partially relevant for the small-scale problems. According to FIG.3 , we can immediately find that for such suppression, m χ should be around 1 MeV. ,
RESULTS
Analytically, substituting y = y f at k = k , i.e. y(k = k ) = y f = 5, into Eq. (3), we obtain
which is the particle mass of DM for getting a suppression of curvature perturbation at k −1 = 1 kpc. For our purpose, DM with m χ = 2.2MeV is cold as its free-streaming length, l = 112(m χ /eV) −1 Mpc = 0.05kpc [26] , is much smaller than the critical scale of our interest, k −1 = 1kpc. Therefore, we are able to use the BBKS transfer function for cold DM (c.f. Eq.(7.70) in [27] 
25 , to obtain the power spectrum of linear matter perturbation,
. As a prediction of this new "'early-time suppression" mechanism, it is illustrated in FIG.4 . is used by normalizing the spectrum on large scale P (k = 10 −3 Mpc −1 ) = 343Mpc 3 following [27] . And ξ = 10 −4 and y f = 5 are taken to plot this work (dashed line). In FIG.4 , the standard spectrum of linear matter perturbation (solid curve) is plotted by ignoring the gravitational effect originated from the non-equilibrium process of DM production. It used to be thought as the standard result for this issue. Additionally, our result of the "early-time suppression" is plotted in dashed curve, which matches the standard spectrum on large scale -in consistent to current surveys of CMB anisotropies and large-scale structures. However, to our delight, we find that the spectrum predicted by the "early-time suppression" mechanism is suppressed at and below 1kpc.
In FIG.5 , we show such small-scale suppression in a higher resolution. Clearly, at smaller scale, the suppression predicted by this new mechanism becomes stronger. As a characteristic feature, it is potentially falsifiable in the future astrophysical observations. As shown in FIG.4 and FIG.5 , the spectrum of matter perturbation is suppressed on small scale. Consequently, it leads to a less matter density on small scale, which may be partially relevant for the small-scale crisis in which a similar condition is required. However, this issue is beyond the scope of this work, and we defer it in the further study.
SUMMARY
In this work, inspired by the well-known small-scale crisis, we proposed a new suppression mechanism, "earlytime suppression", to get a suppression of matter perturbation on small scale within the framework of cold DM and simple inflation. The advantage of this mechanism is that the gravitational effect originated from the non-equilibrium process of DM production is taken into account for the first time. Explicitly, we show that this novel gravitational effect can lead to a suppression of curvature perturbation, and, consequently, result in a suppression of matter perturbation on small scale. We find that the suppression scale only depends on the particle mass of DM. And we demonstrated that if m χ = 2.2MeV, the suppression takes place at and below 1kpc, which may be partially relevant for the small-scale problems.
We end by highlighting two implications for this new "early-time suppression" mechanism: 1) the suppression scale only depends on m χ . According to Eq.(4), larger particle mass of DM implies smaller suppression scale. For instance, if m χ 1GeV, the "early-time suppression" should take place at k * 2pc −1 . And for m χ 1keV, the suppression happens around k * 2Mpc −1 , which is similar to the prediction from the well-known warm DM hypothesis. However, these two mechanisms have different physical origins. For warm DM, the suppression is due to its long free-streaming length. And for the "early-time suppression" mechanism, the suppression is originated from DM production. Hopefully, the further study of the suppressions on various scale may impose new constraints on the particle mass of DM in alternative to other current attempts; and 2) we note that the strength of the suppression is determined by the value of ξ ( see FIG.2 ). As ξ is determined by the underlying physics of cosmic reheating [7] , the further elucidations of the strength of suppression in the future astrophysical observations may constrain ξ and, consequently, shed light on the process of reheating in the early Universe. 
